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Search for orbital moments in underdoped cuprate metals
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Polarized neutron-diffraction experiments have been performed in search of the orbital magnetic moments
recently predicted in a theory for the cuprate metals. Both La22xSrxCuO4 @LSCO(x)# and
YBa2Cu3O61x @YBCO(x)# compounds were investigated. No definitive evidence for the existence of such a
three-dimensionally ordered moment was found in any of these samples within experimental uncertainty,
which was as low as 0.01mB . We have also investigated the possibility that a magnetic rod exists parallel to
thec axis in the case of two- or quasi-two-dimensional ordering in the (a,b) plane and have set an upper limit
for the total moment to be 0.1mB in LSCO (x50.1). @S0163-1829~99!02938-0#
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I. INTRODUCTION

Cuprates, which exhibit high-Tc superconductivity over a
certain range of excess charge carrier doping, still pose m
teries with their rich phase diagram, including unusual m
tallic phases as well as the superconducting phase. Rece
the occurrence of a phase with anomalous Raman scatte
transport, and magnetic properties in underdoped cup
PRB 600163-1829/99/60~14!/10405~13!/$15.00
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metals has caused much speculation about the nature
so-called ‘‘pseudogap’’ state1 wherein neither long-range
spin antiferromagnetism nor superconductivity occurs. Mo
vated by these experimental studies, a comprehensive th
for the anomalous normal state and superconductivity in
prate metals has been presented by Varma.2 In this theory,
the cuprate metals have a continuous transition~changing to
a crossover with increasing disorder! at a temperatureTcc(x)
to an unusual phase~identified with the ‘‘pseudogap’’ phase!
10 405 ©1999 The American Physical Society
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in which a fourfold pattern of currents circulate around ea
Cu atom in the CuO2 plane. This phase is predicted to occ
in the underdoped cuprates terminating in a quantum crit
point Tcc50 atx5xc , the composition for optimalTc . The
predicted current pattern and the associated orbital mom
~reproduced from Fig. 6 of Ref. 2! in the circulating current
phase is illustrated in Fig. 1. Such moments would give r
to a magnetic neutron-diffraction pattern centered on cer
Bragg points. With polarized neutron diffraction, it is po
sible, in principle, to observe such magnetic order. In t
paper, we report polarized neutron-diffraction measureme
on La22xSrxCuO4 @LSCO(x)# (x50.075, 0.10, and 0.15!
and YBa2Cu3O61x @YBCO(x)# (x50.5 and 0.7! samples.
In Sec. II, we briefly discuss which magnetic reflectio
would be allowed for possible arrangements of such m
ments. In Sec. III, we describe our experimental configu
tions and data analysis techniques. Descriptions of the LS
(x50.075, 0.10, and 0.15! and YBCO (x50.5 andx50.7)
samples are presented in Sec. IV. The experimental re
and conclusions are discussed in Secs. V and VI, res
tively. Given the instrumental and sample-related limitatio
of these experiments, our results show no definite evide
for the existence of the predicted moment within a sensitiv
of 0.01mB for three-dimensional long-range order and 0.1mB
for two-dimensional order.

II. MODEL MAGNETIC STRUCTURE FACTORS

For such long-range ordered magnetic orbital moment
shown in Fig. 1, elastic magnetic scattering would occur
nuclear Bragg points:3

sM5S r 0

2 D 2

u f ~QW !u2$uFW M~QW !u22uQ̂•FW M~QW !u2%(
tW

d~QW 2tW !.

~1!

HereFW M is the magnetic and the nuclear structure factor i
unit cell for the reflection of interest andf (QW ) is the mag-
netic form factor for the orbital moment corresponding to
spatial extent.r 0 is the product of the gyromagnetic ratio an
classical electron radius andtW is the magnetic reciprocal

FIG. 1. The pattern of orbital moments due to circulating c
rents in the CuO4 plane predicted by Varma~Ref. 2!. Dark filled
circles represent Cu21 ions, light color circles are O21, and open
circles with arrows represent the predicted circulating curre
which have an antiferromagnetic order.
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lattice vectors which in this case are the same as the nuc
reciprocal-lattice vectors. The magnetic structure factorFW M
could have differentQ dependences, depending on the
mensionality of the correlations of the moments and the cr
tal structure. If the orbital moments,MW 5^mW &5g^JW &mB , or-
der two-dimensionally in the CuO2 plane, the magnetic
structure factorFW M of the orbital moment configuration ca
be written as

FW M5NMW sin 2phb•sin 2pkb, ~2!

whereN is the number of the orbital moments in the CuO2
plane andb is the fractional displacement of the orbital m
ment from the neighboring Cu ion in the lattice unit. Th
effect of a three-dimensional correlation of the moments
pends on the crystal structure and collapses the scattere
tensity from being distributed along a rod to being conce
trated at a point in reciprocal space. For the case of
monolayer system LSCO~x! shown in Fig. 2~a!, the result is
that

FW M5NMW sin 2phb•sin 2pkb•$16expip(h1k1 l )%, ~3!

where1 and2 represent ferromagnetic~FM! and antiferro-
magnetic ~AFM! interlayer couplings, respectively. Henc
for nonzero intensity, (h1k1 l ) should be even or odd, de
pending on whether the current pattern is the same or
versed in adjacent layers. For the bilayer syst
YBa2Cu3O72x @YBCO(x)# shown in Fig. 2~b!, FW M be-
comes

FW M5NMW sin 2phb•sin 2pkb•$expip lDz6exp2 ip lDz%,
~4!

whereDz (;0.29 in l.u.! is the separation of the bilayers
and1 and2 represent FM and AFM interlayer coupling
respectively. Therefore, for FM interlayer coupling the ma
mum of FW M occurs atl 50, whereas for AFM coupling the
maximum occurs at anl closest to 1.72.

-

ts

FIG. 2. Crystal structures for~a! La22xSrxCuO4 and~b! YBCO.
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III. EXPERIMENTAL METHODOLOGY

A. Conventional polarized neutron-diffraction measurements
performed at NIST

The scattering of neutrons by magnetic moments in c
densed matter depends not only on the size of the mom
but on the relative orientations of a triad of vectors; the n
tron polarizationPW , the momentMW , and the wave-vecto
transferQW (5kW i2kW f , the initial and final neutron wave vec
tors, respectively!. By measuring polarization-depende
scattered intensities for a sufficient number of Bragg refl
tions from a single-crystalline sample, it is possible, in pr
ciple, to determine both the absolute magnitude and sp
orientation of individual magnetic moments within a un
cell—if the directions of that triad of vectors are proper
configured. Furthermore, for a significant class of structu
investigations, it is necessary to consider only the compon
of the scattered neutron polarization along the incident dir
tion of polarization, as described in the work of Moonet al.4

Labeling one spin state of the neutron ‘‘1’’ and the other
‘‘ 2,’’ four spin-dependent scattering cross sectio
s11 , s22 , s12 , ands21 ~where the subscripts refer t
the initial and scattered neutron spin eigenstate, res
tively!, can be measured if the incident neutron beam is
larized and the polarization state of the reflected neutron
analyzed. For a collinear antiferromagnetic structure, suc
that which is sought in the present study, the pair of spin-
cross sections are equal to each other and can be referr
assSF.

In order to establish whether the particular magne
structure proposed in Ref. 2 does indeed exist, magnetic s
tering must be observed at specific locations in recipro
space and with the requisite strength compared to the nuc
scattering intensities arising from the known chemical str
ture. Given that the observable magnetic and nuclear Br
reflections coincide for the postulated structure, it is nec
sary to separate the nuclear and magnetic scattering com
nents. Appropriate experimental geometries for accompl
ing this goal are illustrated in Fig. 3. Note that in gener
only projections of the magnetic momentM in the plane
normal toQW give rise to scattering of magnetic origin. A
though the presence of disordered nuclear spins causes
tional spin-dependent scattering, this scattering is incohe

FIG. 3. Experimental geometries employed to observe the

bital moments.MW is the orbital moment,PW is the polarization of the

incident neutrons, andQW is the wave vector of interest.
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and isotropic. This spin-dependent background can be m
sured adjacent to the Bragg peaks of interest and subtra

Ideally, either configuration~a! or ~c! of Fig. 3 can be
used to sort the magnetic and nuclear scattering into spin
~SF! and non-spin-flip~NSF! channels, respectively. In prac
tice, however, a completely clean separation cannot
achieved because of the contamination of the two chan
due to imperfect instrumental polarizing efficiencies. T
smaller the ratio of magnetic to nuclear scattering and/or
lower the instrumental polarizing efficiencies, the more s
nificant the corrections which must be made become.

An instrument schematic typical of the arrangements u
for the experiments reported here is shown in Fig. 4.
monochromatic beam is polarized in one eigenstate by
forward transmission polarizing element~and can be subse
quently rotated adiabatically to the other spin state by ap
spin turn device or ‘‘flipper’’! prior to incidence on the
sample. The polarization state of the beam reflected by
sample at a given scattering angle, 2us , is analyzed with the
rear flipper and polarizer combination downstream of
sample. Specific details regarding the apparatus used in
experiment are given below.

Consider now the case wherePW is chosen to be perpen
dicular to MW , i.e., either~a! or ~c! of Fig. 3. ThensNSF is
purely chemical in origin. If the instrumental efficiencies
the forward polarizer, rear polarizer, and forward flipper a
defined asF, R, and f, respectively, then the NSF and S
cross sectionssNSF andsSF are related to the intensitiesI off

and I on measured with the front flipper in the ‘‘off’’ and
‘‘on’’ states by the following~see, for example, Ref. 5!:

I off

C
5sNSF

11FR

2
1sSF

12FR

2
,

I on

C
5sNSF

11FR~122 f !

2
1sSF

12FR~122 f !

2
, ~5!

where the factorC is a normalization constant. For perfe
instrumental efficiencies, F5R5 f 51 and I off}sNSF
whereasI on}sSF.

Thus two instrumental parameters need to be determin
the product of the polarizer efficienciesFR and the forward
flipper efficiencyf. This can be accomplished by measuri
four intensities corresponding to the four possible combi
tions of forward and rear flipper states in either the incid
beam with no sample or for a beam scattered by a sample

r-

FIG. 4. A typical experimental setup for polarized neutron d
fraction.
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which the SF cross section is identically zero~see again, e.g.
Ref. 5!. Note that two of the four measurements require
use of a second or rear flipper.

Nonetheless, there is no assurance that the instrume
efficiencies measured at one scattering angle of the ins
ment are exactly the same as those in effect at another.
is particularly problematic when thesSF of interest is orders
of magnitude less than that of the correspondingsNSF and
FR and f must, consequently, be determined to exceedin
high accuracy. Such is the case in the present study. It is
preferable, if not essential, to measureFR andf at an instru-
mental scattering angle identical to that where the SF
NSF cross sections of interest are measured so that pos
systematic errors correlated with the relative positions of
strumental polarizing and flipping devices, or differing ne
tron flight paths, are minimized. This goal can be best re
ized by using the sample itself, at the same reflection
interest for the measurement of the predicted moment,
scatterer—but in a state where either the ordered magn
moment has vanished~above Tcc) or with the moment
aligned parallel to the neutron polarization as shown in F
3~b! so thatsSF is zero.

In practice, it was determined that the efficiencyf of the
simple flat coil neutron polarization flipper, in every config
ration used, was nearly unity~to within 0.005! and had neg-
ligible effect on instrumental corrections. On the other ha
variations of the instrumental polarizing efficiency with d
vergence angle and cross sectional position in the incid
and reflected beams were problematical. These variations
exacerbated by larger sample crystal mosaic distributions
course, the smaller the size and the tighter the angular c
mation of the beam, the more uniform the instrumental
larization which could be obtained, but at a correspond
loss of intensity. A compromise between polarization e
ciency and intensity was made which minimized the unc
tainties in the measured quantities of interest. Contrary
what might at first be expected, the performance of the
permirror transmission polarizers used, the polarizing e
ciency of which are inherently angular dependent, proved
be comparable or superior to more conventional Heu
crystal polarizers~which are subject to multiple and simulta
neous scattering processes that also can deleteriously e
polarizing efficiency!. Another significant but related com
plication was encountered with the La22xSrxCuO4 samples
studied. A tetragonal-to-orthorhombic structural phase tr
sition occurs in a temperature range close to that predi
for the appearance of the orbital moment. Associated w
this structural phase transition is a change in peak shape
width in both longitudinal and transverse scan directions
reciprocal space which can potentially, and in fact do, aff
the uniformity of the beam polarization. Particular attenti
to the instrumental and sample-related structural parame
is required to recognize the spurious effects caused by s
interfering phenomena. Considerable effort was expende
optimizing flipper currents, adjusting magnetic guide fie
for maximum uniformity, selecting optimum beam apertu
dimensions, and establishing adiabatic guide field rotati
to achieve the proper neutron polarization axis at the sam
position.

From Eq.~4! above, the following expressions forsNSF
andsSF are obtained:
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sNSF}I offF12FR~122 f !

2FR f G1I onF211FR

2FR f G ,

sSF}I offF212FR~122 f !

2FR f G1I onF11FR

2FR f G . ~6!

The factors in the square brackets containing the instrum
tal parametersFR andf can be expressed in terms of the fo
independent intensities, as discussed above, which were
tained for the four possible flipper state combinations w
sSF equal to zero. Subsequent analysis of the correspon
statistical uncertainties insSF andsNSF can be performed so
that the final uncertainty in any measured magnetic mom
can be properly evaluated. Although somewhat complica
the determination of the necessary partial derivatives
straightforward and can be expedited using a symbolic a
bra computer program.

Once sNSF and sSF have been determined for a give
reflection and sample composition, the moment per orb
current loop is obtained from3

sSF~QW !

sNSF~QW !
5

~r 0/2!2u f ~QW !u2$uFW M~QW !u22uQ̂•FW M~QW !u2%

uFN~Q!u2
,

~7!

whereFN is the nuclear structure factor in a unit cell for th
reflection of interest. SincesNSF is somewhat lower than its
theoretical value due to extinction effects in the nucle
Bragg scattering, the value forFW M , which is proportional to
the moment, is to be taken as an upper limit. It is worthwh
pointing out, however, that it is the change in the raw,
measured, instrumental flipping ratioI off/I on which serves as
an immediate indication of the possible formation of a ma
netic moment within the sample—if asSF appears,I off/I on

must decrease, assuming spurious effects remain cons
However, because the magnitudes of the predicted mom
are relatively small, the associated magnetic intensity can
orders of magnitude lower than that of nuclear origin whi
coincides. Thus, the predominant component ofI on can be
leakage due to imperfect instrumental polarizing efficienc

Information regarding such experimental details as co
mations and particular polarizers used are given along w
the corresponding sample and scattering geometry in
tables below wherein specific results are reported.
neutron-scattering measurements at the Center for Neu
Research at NIST were performed on either theSPINSpolar-
ized neutron spectrometer or the NG-1 polarized be
reflectometer/diffractometer. The curved stack, Fe/Si sup
mirror ~SM! transmission polarizers which were used are
scribed in Ref. 6. The supermirror transmission polariz
pass predominantly negative spin state neutrons. The p
ence of a polycrystalline Be filter cooled to liquid-nitroge
temperature efficiently eliminated higher-order wavelen
neutrons reflected by the pyrolytic graphite~PG! ~002!
monochromator. A Heusler~H! ~111! crystal in Laue reflec-
tion geometry was used as a polarization analyzer for so
of the measurements.
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B. Neutron polarimetry experiments performed at ILL

The samples of La1.925Sr0.075CuO4 and YBa2Cu3O6.7 were
also examined with the zero-field polarimeter~CRYOPAD!
at the Institut Laue Langevin, Grenoble in France. This
strument has been described by Brownet al.9 and a recent
example of a magnetic structure determination is given
Brown and Chattopadhyay.10 Briefly, the instrument allows
three-dimensional polarization analysis to be performed; t
instead of measuring only the projection of the neutron
larization on the axis of quantization, the zero-field polari
eter determines all three components of the outgoing neu
polarization vector, thereby allowing avectorialstudy of the
interactions that take place at the sample position. A
feature of the instrument is that the sample is contained
Meissner shield so that the field at the sample is strictly ze

For the present experiments only a limited aspect of
capability of the CRYOPAD is used. The samples were o
ented so that the scattering plane contained the~110! and
~001! axes~in tetragonal notation!. Since the assumed ant
ferromagnet moment is parallel toc, the magnetic interaction
vector (MW ') for determining the scattering process will b
the projection of this moment direction on the plane perp
dicular to the scattering vector;QW . MW '50 for reflections of
the form (00L), as expected, but for (HH0)-type reflections
uMW 'u5m and this component is parallel to the~001! axis.
We now consider the three components of the incident
larization PW i . For convenience these can be defined in
crystal coordinate system asPx5PW i //(110),Py5PW i //(001),
andPz5PW i //(11̄0).

We may derive the final polarizationPW f of a beam of
neutrons with incident polarizationPW i . Assuming thatMW ' is
small and has inversion symmetry, a component of the fi
polarization perpendicular toPW i will be proportional to the
ratio of uMW 'u to the nuclear structure factoruFNu for a given
reflection (hkl).9 This perpendicular component is ze
whenPW i andMW ' are parallel. In effect, whatever the value
uMW 'u is, no rotation of the polarization will be expecte
whenMW ' andPW i are parallel. In our case this corresponds
PW i5Py . For incident polarizationPx and Pz , right-handed
orbital currents~with respect to the local oxygen environ
ment! will rotate the polarization one way and left-hand
currents will rotate the polarization in the opposite sen
Since these are equally likely, the expected result is adepo-
larization in both thePx and Pz channels, which should b
equal, and proportional to the quantityuMW 'u/uFNu. It can be
shown quite simply that the resultant depolarizationDP
;g/2 where g5uFMu/uFNu and whereuFMu contains the
neutron interaction term and the geometric magnetic st
ture factor, which in turn is proportional touMW 'u. This ap-
proximation is valid in the case ofuFMu!uFNu, which is
certainly the case here as we are searching for a mag
moment of less than 0.1mB .

The experiment consists of observing the Bragg peak
given temperature and then measuring consecutively the
larization in all six directions, (6Px ,6Py ,6Pz). Normally
it is necessary to measure a background to subtract from
measured signal, but the count rates from the crystals u
-

n

s
-
-
on

y
a

o.
e
i-

-

-
e

al

.

c-

tic

a
o-

he
ed

were so large compared to the background, that the ba
ground measurements were negligible and the crystal
not moved.

Individual values of modulusPW i , Pi , were about 0.9,
which corresponds to a flipping ratioR5(11Pi)/(12Pi)
;10. Higher polarization (;0.94) can be obtained with a
smaller incident beam, but since the crystals were lar
(.1.5 cm2 in cross section! the limiting factor in determin-
ing a small depolarization was statistical rather than due
lack of polarization. Individual values of the six polarizatio
components varied by as much as 0.0050, but this is
surprising given the complex rotation of the polarization
quired to place the neutron polarization in each of the
directions. More importantly, the reproducibility of each o
eration was found to be limited entirely by the statistic
Thus, over a period of days the stability of a given polariz
tion was better than 0.0002, when exactly thesamemeasure-
ment was repeated and sufficient counts accumulated.
this reproducibility of the CRYOPAD polarization which a
lowed the very small limits given below to be placed on a
orbital current in both the high-Tc materials.

IV. SAMPLE DESCRIPTION AND PREPARATION

A. Bell La22xSrxCuO4 „x50.075… sample

The first samples studied were underdop
La1.925Sr0.075CuO4 single crystals grown at Bell Laboratorie
and henceforth referred to as the ‘‘Bell’’ samples. The cry
tals were grown using the CuO flux method and magne
susceptibility measurements confirmed that they had a su
conducting transition at around 10 K, consistent with th
level of doping. Two such crystals with total mass of 1.67
were aligned together and mounted inside a displex cryos

B. Tohoku La22xSrxCuO4 „x50.10… sample

The starting materials for preparation of the feed and
solvent rods were 4N La2O3, CuO, and SrCO3. The raw
materials were mixed and calcined at;800–1050 °C for 50
h in air with intermediate grindings. The powder was press
into a cylindrical shape 6 mm in diameter and 120 mm
length under a hydrostatic pressure of about 1700 Kg/c2.
The rods were sintered at 1100 and 900 °C for 12 h in air
the feed and the solvent rods, respectively. Feed and
shafts were rotated oppositely at a rate of 30 rpm. The zo
traveling rate was 1.0 mm/h. The growth experiments w
performed under a gas flow of oxygen.

C. Princeton YBa2Cu3O72x „x50.5… sample

The YBCO (x50.5) sample is a single crystal of mas
23.30 g with aTc;52 K. It was grown using top seede
sintering techniques. After oxygenating fully by anneali
under pure oxygen, the oxygen is systematically removed
annealing under pure argon until a certain fraction of oxyg
remains. The specimen was then sealed in an evacu
quartz tube and annealed for 2 weeks to ensure homogen
Superconducting quantum interference device magnetom
measurements of a small piece cut from the sample h
been reported elsewhere.7
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V. RESULTS

A. Conventional polarized neutron diffraction „CPND…; Bell
La22xSrxCuO4 „x50.075… sample

As already mentioned in a previous section, a structu
phase transition occurs over the temperature range of inte
for the development of the predicted orbital moment. This
evident in Fig. 5 where the longitudinal peak width of th
predominantly structural~110! reflection is split at low tem-
perature~orthorhombic phase! and is about twice as broad
overall, as that at high temperature~tetragonal phase!.8 Al-
though it must be expected that the polarization efficiency
flipping ratio of the instrument can be affected by this intr
sic change in width when convoluted with the imperfect
strumental polarization efficiency distribution, precise a
accurate sample alignment and knowledge of the instrum
tal flipping ratio’s dependence on angle allows limits to
placed on the magnitude of moment observable. In this c
for three points about the peak in the longitudinal scan
each temperature, the instrumental flipping efficiency w
relatively constant. These three points were summed at e
T to produce the raw plot of instrumental flipping ratio ve
sus temperature shown in Fig. 6~b!. The specific scattering
geometry for these measurements is given in Table I al
with the moment calculated by summing low- and hig
temperature data sets, respectively. The transverse
widths in this particular scattering geometry remained
proximately constant with temperature. Because thec axis,
along which the predicted moments are directed, is perp
dicular to the neutron polarization axis, any magnetic con
bution to the scattering, obscured by the significantly str
ger nuclear scattering associated with the chemical struc
would manifest itself as SF scattering, thereby reducing
observed instrumental flipping ratioI off/I on as discussed in
detail above.

The data shown in Fig. 6~b! and Table I suggest the pos
sibility of a weak moment formation at lower temperature
However, as is evident upon comparison of Fig. 6~a!—for
the longitudinal width as a function of temperature—w

FIG. 5. Longitudinal scan through the~110! peak of LSCO (x
50.075) at two temperatures, above and below the structural p
transition. Open symbols are the NSF data and filled ones are
SF data. The sample was mounted such that the (hhl) plane in
reciprocal space was the scattering plane~defined by the incident
and final neutron wave vectors!.
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Fig. 6~b!, the structural phase transition and appearance
moment as indicated by a decreasing flipping ratio appea
be coincident. To obtain definitive evidence for the existen
of a moment, better data would have to be obtained. To
end, a second La22xSrxCuO4 sample ~with x50.10) ~the
‘‘Tohoku’’ crystal! was obtained and examined because
its substantially larger volume and resultant higher scatte
neutron intensities.

B. CPND; Tohoku La22xSrxCuO4 „x50.10… sample

Because of the occurrence of the structural phase tra
tion in this system, as discussed above, measurements
performed in four different scattering geometries; with thec
axis parallel to the scattering plane (hhl) and either parallel
or perpendicular to the neutron polarization axis~defined by
a magnetic guide field at the sample position of approxim
magnitude 40 or 5 Oe, respectively!; and with thec axis
perpendicular to the scattering plane (hk0) and either paral-
lel or perpendicular to the neutron polarization axis~sample
magnetic field 5 or 40 Oe, respectively!. All four of these
sets of measurements were done for the~110! reflection as a
function of temperature. Recall from the discussion of S
III that moments directed along thec axis will produce
purely spin-flip~SF! scattering if thec axis is perpendicular
to the neutron polarizationPW .

1. „hhl … scattering plane

Consider first the geometry where thec axis is parallel to
the (hhl) scattering plane. As already noted, the width of t
~110! reflection in a longitudinal scan increases by appro
mately a factor of 2 at low temperatures due to the structu
phase transition. Furthermore, the peak position change
angle with temperature due to lattice expansion or contr
tion. However, at a scattering angle of 2u5125.0°, the scat-

se
he

FIG. 6. Temperature dependences~a! of the FWHM of the lon-
gitudinal scans and~b! of the flipping ratio,I off/I on, obtained from
LSCO (x50.075).
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TABLE I. Summary for experiments on La22xSrxCuO4 (x50.075). The wavelength of the inciden
neutrons wasl54.1 Å. Spectrometer configuration: PG~002!-Be-208 Soller-Curv. SM.-Curv. SM.-208
Soller-FLP.-SAM.-FLP.-408 Soller-H~111!-DET. The angular divergences for the beam collimation are gi
in minutes of arc~8!. The nuclear structure factorFNucl was estimated for a chemical cell containing fo
Cu21 ions. The flipping ratio was determined from a summation of intensities for three points about the

Q uFNuclu2 T PW Scattering Scan GFWHM Flipping m f

~barn! ~K! plane type ~degree! ratio (mB)

~110! 84.56 375,T,450 @11̄0# (hhl) @hh0# 0.5 26.25~15! N/A

~110! 84.56 25,T,150 @11̄0# (hhl) @hh0# 1.1 25.99~15! 0.04~2!
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tered intensity is well within the full width at half maximum
~FWHM! over the temperature range covered as seen in
7~a!: this is of significant advantage since at a fixed scat
ing angle both instrument and sample magnetic guide fie
are stationary and, therefore, constant, irrespective of sam
temperature, so that the inherent instrumental polarizing
ficiency should remain constant. Transverse scans, as sh
in Fig. 7~b!, through the~110! position in this geometry had
FWHM’s which were also nearly constant at all temperatu
for both PW parallel ~horizontal field, HF! and perpendicular
~vertical field, VF! to the scattering plane@see Fig. 9~a! as
well#. The instrumental flipping ratioI off/I on was determined
to be;43(1) within about60.03 degree of the peak pos
tion in the transverse scan again both forPW parallel and
perpendicular to the scattering plane as shown in Fig
Thus, the instrumental variations in the polarizing efficien
which could have affected the results of the longitudin
scans~where both sample and scattering angles change

FIG. 7. ~a! Longitudinal scans and~b! transverse scans throug
the ~110! peak of LSCO (x50.10) at two temperatures, above a
below the structural phase transition. Open symbols are the
data and filled ones are the SF data. The sample was mounted
that the (hhl) plane in reciprocal space was the scattering plan
ig.
r-
s
le
f-
wn

s

8.
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a

function of temperature! obtained for the Bell
La22xSrxCuO4 (x50.075) sample, discussed in Sec. V
may be reduced by keeping the scattering angle fixed. N
ertheless, the fact that the reflection position, shape,
width are still changing with temperature along the longi
dinal direction, when convoluted with the instrumental res
lution, may still produce spurious effects on the measu
flipping ratios.

In Fig. 9~b! is shown the sum of the three highest poin
in a transverse scan through the~110! reflection versus tem-
perature for both neutron polarization parallel and perp
dicular to the scattering plane at a fixed scattering angleu
5125.0°. In neither case is there a systematic temperat
dependent behavior indicative of the formation of magne
moment at low temperatures~as would be manifest by a
reducedflipping ratio at lower temperature! within the sta-
tistical uncertainties. A similar set of data were obtained a
scattering angle of 2u5126.0° with essentially the same re
sult. In order to obtain a more quantitative evaluation,
data of Fig. 9~b! ~at 2u5125.0°) were combined over two
distinct temperature ranges: a lower range from 50 to 20
inclusive and a higher one from 300 to 400 K. The results
this analysis are presented in Table II which shows tha
negativevalue (20.052mB) is obtained for a moment a
lower temperatures from the data corresponding to
samplec axis, or predicted moment direction, perpendicu
to the neutron polarizationPW . Within the experimentalsta-
tistical uncertainty of60.007mB, no moment has been ob

F
uch

FIG. 8. Transverse scans through the~110! reflection and their

flipping ratios~a,b! for horizontal guide field~HF! (PW icW ) and~c,d!

for vertical guide field~VF! (PW'cW ).
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10 412 PRB 60S.-H. LEEet al.
served. However, the fact that anegativevalue was obtained
can be interpreted as an indication of asystematicinstrumen-
tal uncertainty since only either a positive value or zero
expected. Thus, the effective uncertainty for this particu
measurement could be taken to be60.05mB. Note that for
the geometry in which thec axis is parallel toPW , a moment
along thec axis would not give rise to SF scattering: fro
Table II it can be seen that here the instrumental flipp
ratios at low- and high-temperature ranges are almost id
tical.

2. „hk0… scattering plane

Suppose that the predicted orbital moments are correl
much more strongly within the (a,b) plane than perpendicu
lar to it. Then the scattering expected at the~110! point in
reciprocal space for a three-dimensional structure will
come an extended rod through~110! and parallel to thec
axis. In this case the magnetic scattering intensity would
significantly spread out from a point to that approaching
line, depending upon the degree of correlation. In orde
increase the possibility of observing such a magnetic rod,

FIG. 9. Temperature dependences~a! of the FWHM of the
transverse scans and~b! of the flipping ratio,I off/I on, obtained for
LSCO (x50.10).
s
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c axis of the sample can be oriented perpendicular to
scattering plane where the larger vertical angular diverge
of the beam (;2.4°) results in an elongated resolution elli
soid along the vertical axis, perpendicular to the scatter
plane. Thus, this geometry more efficiently integrates a
scattering spread out along the perpendicular to the sca
ing plane.

There is, however, a disadvantage associated with
scattering geometry. The transverse scans through the~110!
position will be broadened by the structural phase transit
and, as will be illustrated below, this will have a detrimen
effect on the instrumental polarizing efficiency: as the tra
verse width increases at low temperature, the instrume
flipping ratio will decrease. It is, therefore, essential to co
pare data for thec axis perpendicular to the neutron pola

izationPW ~where magnetic moments collinear with thec axis
would give rise to spin-flip scattering! with that in which the

c axis is parallel toPW . For thec axis parallel toPW , an addi-
tional complication may arise, which has not yet been d
cussed, involving the effect of a magnetic-scattering com
nent in the non-spin-flip~NSF! channel which would
primarily contribute toI off. However, as will be discussed i
detail below, the effect alluded to here requires a particu
magnetic domain configuration and can be distinguished
perimentally by proper analysis of the measured sp
dependent intensities.

Figure 10~a! shows representative longitudinal sca
through ~110! at low and high temperatures. However,
contrast to the relatively constant transverse scan widths
the (hhl) ~or c axis parallel to the scattering plane! geom-
etry, in the (hk0) orientation the transverse scan wid
through~110! changes markedly with temperature, as illu
trated in Figs. 10~b! and 13~a!. Unfortunately, this change in
transverse width as a function of temperature due to
structural phase transition significantly affects the angu
dependence of the instrumental polarizing efficiency as
evident in the plot of flipping ratio versus angle shown
Fig. 11 at high and low temperature.

Figure 12 shows the flipping ratios measured at each s
tering angle position 2u at a given temperature for the neu
tron polarizationPW both parallel and perpendicular to thec
axis. A transverse scan was performed at each 2u setting to
obtain consistent and optimum alignment~maximum inten-
sity! in order to minimize the effects of the varying angul
width on the instrumental polarization. Although the flippin
ratio is seen to be relatively constant with scattering an
d

TABLE II. Summary for first set of experiments on La22xSrxCuO4 (x50.10). The incident neutron
wavelength was l54.75 Å. Spectrometer configuration: PG~002!-Slit-Flat SM.-Curv. SM.-Slit
(148)-FLP.-SAM.-108 Soller -Curv. SM.-Slit-Flat SM.-Slit (488)-Be-DET. The flipping ratio was determine
from a summation of intensities for three points about the peak.

Q uFNuclu2 T PW Scattering Scan GFWHM Flipping m f

~barn! ~K! plane type ~degree! ratio (mB)

~110! 84.56 300,T,400 @001# (hhl) @00l # 0.22~2! 42.44~30! N/A
~110! 84.56 50,T,200 @001# (hhl) @00l # 0.21~2! 42.36~14! N/A
~110! 84.56 300,T,400 @11̄0# (hhl) @00l # 0.22~2! 42.30~27! N/A

~110! 84.56 50,T,200 @11̄0# (hhl) @00l # 0.21~2! 43.38~15! 20.052~7!
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over a considerable range at any given temperature and
either orientation ofPW , it is clear that the low- and high
temperature ranges have a distinctly different average va
Taking the mean flipping ratio, averaged over a range ofu
where it was uniform to within a few standard deviations,
each temperature, and for both orientations ofPW , the plot
shown in Fig. 13~b! was constructed. Had only the data co
responding toPW perpendicular to thec axis @HF for the
(hk0) scattering plane with thec axis vertical or perpendicu
lar# shown such a temperature dependence and the othe
entation remained flat as indicated by the dashed line in
13~b!, this would be convincing evidence for the formatio

FIG. 10. ~a! Longitudinal scans and~b! transverse scans throug
the ~110! peak of LSCO (x50.10) at two temperatures, above a
below the structural phase transition. Open symbols are the
data and filled ones are the SF data. The sample was mounted
that the (hk0) plane in reciprocal space was the scattering plan

FIG. 11. Flipping ratios obtained from transverse scans at
different temperatures,~a! above and~b! below the structural tran-
sition temperature.
for

e.

r

ri-
g.

of a moment along thec axis at low temperatures. Howeve
the nearly identical results obtained forPW parallel to thec
axis cannot be explained by the postulated antiferromagn
structure with moments collinear with thec axis.

Ignoring this inconsistency for the time being, consid
only the data forPW perpendicular to thec axis in Fig. 13~b!.
The results of converting only these flipping ratios to a ma
netic moment, as discussed in previous sections, give
value of approximately 0.15mB . Assume, for the sake o

F
uch
.

o

FIG. 12. Flipping ratios measured for LSCO (x50.10) at each

scattering angle 2u at a given temperature for~a! PW icW and~b! PW'cW .

FIG. 13. Temperature dependences~a! of the FWHM of the
transverse scan and~b! of the flipping ratio,I off/I on, obtained for
LSCO (x50.10) in the (hk0) scattering plane. The significance o
the dotted and dashed lines are discussed in detail in the text.
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argument, that this ‘‘moment’’ is real and not an artifact d
to a systematic degradation of the instrumental polariz
efficiency related to the broadening of the~110! reflection in
the transverse direction with decreasing temperature. Is t
a way that this 0.15mB could explain the nearly equivalen
result obtained forPW parallel to thec axis where any momen
collinear with thec axis could possibly give rise to non-spin
flip scattering ~which would primarily contribute toI off)?
Suppose that the sample constitutes, or is crystallogra
cally equivalent to, a single magnetic domain and that
structure factor is such that the entire 0.15mB moment along
thec axis interferes with the nuclear component~correspond-
ing to the maximum effect!. Then the formulas presented
Sec. III would predict, for the flipping ratio,

I off

I on
.35.1•F162UFW M

FN
UG , ~8!

where the factor 35.1 is the flipping ratio observed at h
temperature where the moment is presumed to disappear~the
1 and2 signs correspond to the two possible incident n
tron spin states!. Substituting the values ofFN and 0.15mB
gives I off/I on.36.3 and 33.9. These values are indicated
the dotted lines shown in Fig. 13~b!. Apparently this did not
occur ~and the smaller the extent of this possible interf
ence, the closer the dotted lines should approach the da
horizontal line!. Furthermore, the longitudinal scan wid
data shown in Fig. 14 are consistent with the hypothesis

FIG. 14. The temperature dependences of the longitudinal s
widths which reflect the structural phase transition aroundT5290
K.
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most, if not all, of the observed effect is indeed instrumen
and related to the structural phase transition.

Nonetheless, some part of the observed effect may stil
due to the formation of the moment. In order to separat
possible genuine moment from the instrumental effect,
data of Fig. 13~b! corresponding toPW parallel to thec axis
can be used as a reference, any deviation from which ca
ascribed to a possible moment. The average flipping ratio
the points at and below 200 K withPW parallel to thec axis
~VF! is 29.23 whereas forPW perpendicular to thec axis an
average of 29.14 is obtained. As given in Table III, where
uncertainties listed are larger than the statistical part alon
order to account for systematic fluctuations, the estima
moment is 0.02mB but highly uncertain (60.08). It should
be pointed out that for this particular geometry in which t
c axis is perpendicular to the scattering plane, the value
integrating any magnetic scattering dispersed along a
parallel to thec axis may be outweighed by the substant
negative effect that the structural phase transition has on
instrumental polarizing efficiency.

Lastly, it must be remarked that a magnetic structure
which the predicted moments were canted 45° relative to
c axis would produce equivalent amounts of SF magne
scattering for eitherPW parallel or perpendicular to thec axis.
For the limited number of reflections accessible at the n
tron wavelengths available in these experiments, it was
possible to conclusively establish the existence of suc
structure.

C. CPND; Princeton YBCO „x50.5… sample

Given the difficulties associated with the occurrence
the structural phase transition in the La22xSrxCuO4 system,
the YBCO sample from Princeton proved to be far less pr
lematic. Not only is the interfering structural phase transiti
absent, but the nuclear structure factors at the reflection
interest are significantly lower, making the sensitivity to a
magnetic moment correspondingly greater. The width of
reflections were nearly constant over the entire tempera
range of interest. The results for this system are succin
summarized in Table IV. A variety of reflections was inve
tigated, including the~110!, the ~112! ~corresponding to a
possible ferromagnetic stacking of planes along thec axis!,
and the~002! where no moment should be observed acco
ing to the theory, and~111.7! ~corresponding to AFM cou-
pling of bilayers!. For this system, a sensitivity limit of abou
0.03mB was obtained, although the average result at

an
d
parison
TABLE III. Summary for second set of experiments on La22xSrxCuO4 (x50.10). The wavelength of the
incident neutrons wasl54.75 Å. Spectrometer configuration: PG~002!-Slit-Flat SM.-Curv. SM.-Slit
(148)-FLP.-SAM.-208 Soller -Curv. SM.-Slit-Flat SM.-Slit (488)-Be-DET. The flipping ratio was determine
from a summation of intensities for several points about the peak. Note that in this case, where a com

is madenot between high and low temperatures but, rather, betweenPW parallel and perpendicular to thec
axis, the uncertainty quoted is primarily attributed to a systematic rather than statistical variation.

Q uFNuclu2 T PW Scattering Scan Flipping m f

~barn! ~K! plane type (mB)

~110! 84.56 0,T,200 @001# (hk0) @hh0# 29.2361.0 N/A
~110! 84.56 0,T,200 @11̄0# (hk0) @hh0# 29.1461.0 0.0260.08
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TABLE IV. Summary for experiments on YBa2Cu3O72x (x50.5). The wavelength of the incident neu
trons wasl54.005 Å. Spectrometer configuration: PG~002!-Be FLT-208 Soller-Curv. SM.-Curv. SM.-408
Soller-FLP.-SAM.-408 Soller-H~111!-808 Soller-DET. The nuclear structure factorFNucl was estimated for a
unit cell containing three Cu21 ions. Some flipping ratios, indicated by an *, were determined from
summation of intensities for several points about the peak; otherwise, the ratios were obtained usin
grated intensities.

Q uFNuclu2 T PW Scattering Scan GFWHM Flipping m f

~barn! ~K! plane type (Å21) ratio (mB)

~110! 7.23 500 @11̄0# (hhl) @hh0# 0.0181 23.32~7! N/A

~110! 7.23 180 @11̄0# (hhl) @hh0# 0.0171 23.64~6! 20.030~5!

~110! 7.23 500 @11̄0# (hhl) @hh0# 0.0181 26.60~14!* N/A

~110! 7.23 180 @11̄0# (hhl) @hh0# 0.0171 27.09~12!* 20.032~6!

~110! 7.23 500 @11̄0# (hhl) @00l # 0.104 27.29~13! N/A

~110! 7.23 180 @11̄0# (hhl) @00l # 0.099 27.11~7! 0.019~9!

~110! 7.23 500 @11̄0# (hhl) @00l # 0.104 26.74~23!* N/A

~110! 7.23 180 @11̄0# (hhl) @00l # 0.099 26.80~12!* 20.012~26!

~110! 7.23 500 @11̄0# (hhl) @00l # 0.104 25.16~13! N/A

~110! 7.23 100 @11̄0# (hhl) @00l # 0.096 26.01~12! 20.045~5!

~110! 7.23 500 @11̄0# (hhl) @hh0# 0.016 29.68~16! N/A

~110! 7.23 100 @11̄0# (hhl) @hh0# 0.015 30.38~16! 20.035~6!

~111.7! 7.2330.00237a 500 @11̄0# (hhl) @hh0# 0.0406 15.6~25! N/A

~111.7! 7.2330.00237a 180 @11̄0# (hhl) @hh0# 0.0423 11.2~12! 0.010~3!

~002!b 0.426 500 @11̄0# (hhl) @00l # 0.015 22.65~23! N/A

~002! 0.426 180 @11̄0# (hhl) @00l # 0.015 22.56~22! N/A

~002! 0.426 500 @11̄0# (hhl) @hh0# 0.042 25.24~27! N/A

~002! 0.426 180 @11̄0# (hhl) @hh0# 0.042 24.90~26! N/A

~112! 0.471 500 @11̄0# (hhl) @hh0# 0.028 23.10~29! N/A

~112! 0.471 100 @11̄0# (hhl) @hh0# 0.030 25.30~20! 20.020~3!

~112! 0.471 500 @11̄0# (hhl) @00l # 0.026 23.85~41! N/A

~112! 0.471 100 @11̄0# (hhl) @00l # 0.035 25.14~28! 20.015~6!

aThis ~111.7! reflection is forbidden for the chemical structure. Since nonzero intensity was observed
position,FNucl for this location was taken to beFNucl(111.7)5FNucl(110)•I (111.7)

off /I (110)
off .

bNo moment is expected at the~002! reflection.
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~110! reflection was20.02mB ~i.e., a negative result imply
ing less moment at temperatures below the predicted m
netic transition than above!.

D. CRYOPAD experiments

Using the CRYOPAD technique explained in Sec. III
we have investigated the LSCO (x50.15) and YBCO (x
50.7). At a given temperature and reflection we defined t
quantities of interest: the overall average polarization^P& of
the scattered beam, and the internal depolarizationDP
5@Py2(Px1Pz)/2#. For eachPi two measurements ar
taken,6Pi , and the average is used. Recall that this quan
DP should represent the detection of any orbital current
the latter should affect thePx and Pz components~as ex-
plained above!, but not thePy component. The results ar
given in the Table V. One can see that the polarization^P&
changes both for different reflections and also as a func
of temperature. The latter is particularly marked in t
(La,Sr)2CuO4 sample, which has a structural distortion, a
the mosaic structure of the~110! reflection was quite differ-
g-

o

y
s

n

ent as a function of temperature. This value ofD^P&
5^P&HT2^P&LT is significantly greater than any internalDP
and would indicate a considerable value (;0.16mB) for the
orbital current—if it was correct. However, the internal d
ference of polarizationDP as measured by the CRYOPAD
(1163)31024 for this reflection in the LSCO, which is al
most an order of magnitude smaller. Initially we were op
mistic that this possible nonzero value was significant; ho
ever, the measurements at 490 K, when the orbital cur
should be zero, gave the sameDP, thus showing conclu-
sively that this small number was related to the instrum
and the realDP can be estimated as less than 531024 for
the ~110! reflection for the LSCO sample. The actual valu
of DP are interesting in that they are clearly distributed n
around zero, as would be expected for a perfect instrum
but around some small positive number;531024. Since
this is independent of (hkl) reflection, sample or tempera
ture, we suspect that it is a systematic effect in the ins
mental set up. The magnetic structure factor for the orb
current contribution to the~002! for the LSCO and for the
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TABLE V. Results for the CRYOPAD experiments on two high-Tc materials. The reflection indices ar
given in the high-temperature tetragonal notation. The average polarization for the six channels is^P&, with
the difference between the high- and low-temperature values being given by the final column. The q
DP is defined in Eq.~8! and is a true measure—at a given temperature—of any possible orbital current.

Material T Q ^P& (3104)DP 104(^P&HT2^P&LT) (m f )max

~K! (hkl) (mB)

La1.925Sr0.075CuO4 50 ~002! 0.9110~3! 564 N/A

50 ~110! 0.8991~3! 1063 1(9264) 0.009

490 ~110! 0.9083~3! 1163 N/A

YBa2Cu3O6.7 300 ~200! 0.8664~2! 062 N/A

300 ~110! 0.8884~3! 762 N/A

100 ~110! 0.8908~3! 763 2(2264) 20.004

300 ~112! 0.8760~4! 466 N/A

100 ~112! 0.8809~4! 768 2(4966) 20.003
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~200! YBCO are zero, so that no effect should be observ
as is experimentally the case. For the YBa2Cu3O6.7 sample
the overall average polarizations were lower because of
larger crystal (;3 cm2 cross section area and;1 cm
thick!, and there seems to be a small improvement in^P& at
low temperature. However, the internalDP shows that any
effect is also less than 531024. In the case of the~112! the
statistical uncertainty is about 8 in these units as the refl
tion is weaker. As explained above in the limit ofuFMu
!uFNu theDP;0.5uFMu/uFNu. If we normalize the structure
factors to a single Cu atom,FN8 , theng50.27m f /uFN8 u where
m f is the product of the moment and the form factor of a
orbital current directed along thec axis. Rearranging gives

um f u,7.4DPuFN8 u. ~9!

The results are listed in Table V. The negative moments
the YBCO sample indicate that the sensitivity of our YBC
measurements was 0.004mB and the upper limit for any or-
bital moment in the LSCO (x50.15) sample is obtained t
be 0.009mB .

E. Specific search for a magnetic rod

Except for the attempt to increase sensitivity to the p
sible presence of a magnetic rod described in Sec. V B 2
have thus far concentrated on three-dimensional orderin
the orbital moments. If the orbital moments order tw
dimensionally on the Cu-O plane, the neutron-scatter
cross section from the moments would be spread out a
the c* axis which is perpendicular to the Cu-O plane. If t
total amount of scattering due to the ordered momentm is
spread over the first Brillouin zone of dimensionLBZ along
the c* axis and the full width at half maximum~FWHM! of
the Q resolution ellipsoid isDQ, then the amount of the
moment detected within theQ-resolution window of the in-
strument would be significantly decreased tom(DQ/LBZ).
One advantage is, however, that in order to measure su
magnetic rod we do not have to do so at the strong nuc
Bragg reflection. Instead, we can move away from
nuclear reflection along the magnetic rod to a position (hhl)
,
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which would increase the sensitivity of the measureme
We can not go arbitrarily far away from the~110! reflection
because the magnetic scattering along thec* axis would be
I SF}uFMu22uQ̂•FMu25uFMu2@12( lc* )2/2(ha* )21( lc* )2#
which decreases asl increases.

We first utilized a horizontally focusing analyzer to rela
the instrumentalQ resolution along thec-axis direction, and
with the unpolarized beam searched for a magnetic rod
YBCO. Unfortunately, the nuclear scattering from the ta
of neighboring Bragg reflections was prohibitively high.

Next, we performed polarized neutron-diffraction me
surements with tighter collimation and scanned along
direction perpendicular to the rod at aQ where the tail of the
strong nuclear reflection is so small that nuclear contam
tion in the SF process is insignificant. The LSCO (x50.1)
sample, which has the narrowest mosaic distribution of
the samples investigated, was selected for the experim
The measurements were performed at~1,1,0.6! at which the
factor, 12( lc* )2/2(ha* )21( lc* )250.985 is close to 1. The
scattering cross section for the SF process,sSF was deter-
mined using Eq.~5! with the background-subtracted inte
grated intensities,I off and I on, at different temperatures. A
shown in Fig. 15,I SF does not change with temperature an
furthermore, it is negative at all temperatures, indicat

FIG. 15. The temperature dependence of the SF scattering c
section at~1,1,0.6! in LSCO (x50.1).
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that the formation of two-dimensional orbital moments
~1,1,0.6! was not detectable within the experimental acc
racy. The estimated values for the moments are listed
Table VI. The negative value of the estimated moments
tected at~1,1,0.6!, 20.004~4!mB , is a measure of systemat
instrumental uncertainty. The total moment, then, can be

TABLE VI. Summary for experiments on La22xSrxCuO4 (x
50.1) in search of a magnetic rod along thec-axis direction. The
wavelength of the incident neutrons wasl54.1 Å. Spectrometer
configuration: PG~002!-Be-Curv. SM.-208 Soller-SAM.-FLP.-Curv.
SM.-208 Soller-PG~002!-DET. The angular divergences for th
beam collimation are given in minutes of arc~8!. The measurement
were performed at~1,1,0.6!, and the full width at half maximum
~FWHM! of the instrumentalQ-resolution ellipsoid was 0.015 Å21.
The flipping ratio was determined at~110! at each temperature.

Q T PW Scattering Scan Flipping m f

~K! plane type ratio (mB)

~1,1,0.6! 10 @11̄0# (hhl) @hh0# 24.12~17! 20.004~4!

~1,1,0.6! 100 @11̄0# (hhl) @hh0# 25.66~17! 20.003~4!

~1,1,0.6! 200 @11̄0# (hhl) @hh0# 28.40~20! 20.003~4!

~1,1,0.6! 300 @11̄0# (hhl) @hh0# 28.63~26! 20.004~6!

~1,1,0.6! 400 @11̄0# (hhl) @hh0# 28.38~27! 20.004~6!
ed
t
-
in
e-

e-

termined to beLBZ@20.004(4)mB#/DQ;20.1(1)mB which
is the upper limit for any two-dimensional orbital moment
the LSCO (x50.1) sample.

VI. CONCLUSIONS

No convincing evidence was found for the formation
orbital moments in the cuprate metals as predicted by the
although experimental sensitivity was limited to appro
mately 0.01mB for three-dimensional ordering and 0.1mB for
the formation of a two-dimensional rod. In th
La22xSrxCuO4 compounds, the primary limitation to the se
sitivity was intrinsic, related to the crystallograph
tetragonal-to-orthorhombic phase transition over the te
perature range of interest which affected the constancy of
instrumental polarizing efficiency.
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